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EXECUTIVE SUMMARY

The Federal Aviation Administration (FAA) requires the use of stabilized base courses for all
pavements that will support aircraft weighing 45,350 kg (100,000 lbs) or more.  This report
documents the effort sponsored by the FAA to examine the performance of pavements with
stabilized base courses.

This report contains a literature review which examines the current state of the art in terms of
understanding stabilization mechanisms, design procedures, and considerations.  This report also
documents field data which were collected to provide a review of the performance of pavements
with stabilized base courses.  Airports included in this study had been studied in the mid 1980s in
an effort sponsored by the FAA.  The same airports, all high-volume airports supporting large
aircraft operations, were selected to allow for the analysis of pavement performance over time.

The field data collected included pavement condition index (PCI) data and nondestructive data
(NDT) obtained with falling weight deflectometers.  The PCI data provides a means of visually
assessing the performance of the pavements.  The NDT data provides input to structural
evaluations by allowing for the backcalculation of layer modulus values for the various layers in
the pavement systems.  Construction and maintenance history data were also collected to
determine the effort required to maintain the pavements at an acceptable level of performance.
Samples were collected at one site to allow for an in-depth examination of the performance of
the stabilized layer material.

The PCI data indicated most pavement sections with stabilized bases were performing
adequately.  The NDT data indicated that it is difficult to differentiate between a surface layer
and a like stabilized supporting layer.  The maintenance and construction records indicated that
routine maintenance has been adequate to maintain most pavement sections at an adequate level
of serviceability.  The most interesting result of the in-depth material study was that the
stabilized base course was the apparent source of material being pumped to the surface.  This
indicated that the stabilized base course was being eroded.

The overall results of this study indicate that Portland cement concrete pavements with cement
stabilized layers are performing well and are supporting aircraft at a level of performance at or
above the design level for the life of the pavements.  The data concerning asphalt stabilized
layers were limited.  The majority of pavements with asphalt stabilized layers required major
rehabilitation or reconstruction of the hot mix asphalt surface course.  The required work may
have been due to inappropriate surface course mix design or poor construction.  However, the
limited number of pavement sections with asphalt stabilized layers makes it difficult to draw
definitive conclusions.
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LITERATURE REVIEW

The results of this review revealed considerable references to published information on the
design, construction, chemical and mechanical mechanisms, and performance of stabilized base
course materials for use in pavements.  The majority of the work in stabilized materials was done
in or before the 1970s.  During the 1980s and 1990s, very little effort was expended on
advancing the understanding or applications of base course stabilization.  Particularly in terms of
traditional stabilization techniques such as lime, cement, and asphalt.

A total of 51 different reports, periodicals, books, standards, and technical papers were reviewed
and all are listed as a bibliography in appendix A.

INTRODUCTION.

When a site is selected for constructing a new pavement or rehabilitating an old pavement, the
in-place materials may be used as they naturally occur.  The materials may also be removed and
replaced with higher quality materials, or they may be modified in some manner to provide
qualities that are appropriate.  When the soils are modified, it is referred to as stabilization.  The
reasons for stabilizing soils include improving properties such as volume stability, strength,
durability, and permeability. [1]  Either all or some of these properties may be sought to be
improved.  The most suitable stabilizing procedure will usually be dictated by the particular
property or properties that are desired and the type of material in place.  It is most common to
stabilize materials such as high-plasticity clays to reduce their susceptibility to moisture.
However, the Federal Aviation Administration (FAA) requires the use of stabilized layers
directly beneath the surface course for airport pavements that will support large aircraft.  This
requirement usually results in the stabilization of materials that are of a relatively high quality
initially, particularly when compared to high-plasticity clays.  The amount of literature available
on stabilization of relatively high-quality materials is limited.  For the most part, these high-
quality stabilized materials can be classified as low-quality surface materials.  Guidance on these
materials is similar or identical to the guidance for surface materials such as Portland cement
concrete (PCC) or hot-mix asphalt concrete (HMAC).

STABILIZATION MECHANISMS.

The mechanisms of stabilization can be divided into two broad areas, mechanical and chemical.
Mechanical stabilization includes compaction, blending of aggregates to improve gradation, and
addition of asphalt cement.  Asphalt cement does not react chemically with the materials being
stabilized but coats the particles and imparts adhesion and helps waterproofing.  Chemical
stabilization includes the addition of materials such as lime, cement, or fly ash in combination or
alone.  These materials either react chemically with the material being stabilized (i.e., lime reacts
with clays) or react on their own to form cementing compounds (i.e., Portland cement).

Compaction, the earliest form of stabilization, improves strength and reduces permeability.
Another form of mechanical stabilization involves blending of aggregates with the natural soil.
By changing the gradation of the in-place material with additional material, improvements can be
gained in the ability to compact the soil to appropriate levels.  Also a reduction in the
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susceptibility of the material to moisture can be realized and improved strength and performance
can result.

The addition of asphalt concrete (AC) or some form of bitumen to a material is considered
mechanical stabilization.  The AC coats the aggregates and imparts strength through adhesion.
However, AC is a thermally sensitive visco-elastic material and therefore the strength is
dependent on temperature and the time rate of loading.  AC also helps to waterproof the material
being stabilized by filling the voids.  Fine-grained materials are generally not appropriate for
stabilization with AC because of the difficulty in coating the individual particles.

Lime is probably the most common stabilizing agent used.  Lime is particularly useful for
stabilizing high-plasticity clays or fine-grained soils.  Lime reacts chemically with the fine-
grained material through a process termed cation exchange.  The lime creates a surplus of Ca++

cations which tend to replace monovalent cations. [2]  This cation exchange process results in the
clay soil becoming much less susceptible to moisture (i.e., more stable in terms of volume
change).  In addition to the cation exchange, a flocculation-agglomeration phenomenon occurs.
This can be described as a change in texture through the clumping together of smaller particles to
create apparent larger particles.  This also results in an apparent change in gradation, making the
clay more friable and sand like in its behavior. [2]  The first two reactions, cation exchange and
flocculation-agglomeration, occur very quickly.  A third, long-term, pozzolanic type reaction can
also occur.  This reaction depends on the clay mineralogy and the amount of calcium still
available after the initial reactions have taken place.  The pozzolanic reaction results in a long-
term strength gain.  This strength gain process can continue for years.  A process known as
autogenous healing is also a result of the pozzolanic reaction and results in strength regain after
strength loss during such times as thaw weakening.  Not all clay or fine-grained materials will
react with lime and result in the improvements discussed previously.  There are many factors that
affect the reactivity of lime with a material and they include the soil pH, organic carbon content,
natural drainage, excess quantities of exchangeable Na, clay mineralogy, degree of weathering,
presence of carbonates, extractable iron, silica-sesquioxide ratio, and silica-alumina ratio. [2]
Therefore if the soil is not reactive, it is not appropriate to be stabilized with lime.

Unlike lime stabilization, the reaction that occurs with cement stabilization is not dependent on
the type of material being stabilized.  Cement stabilization is a chemical reaction that occurs
when cement hydrates.  The cement reaction is independent of the material with which it is in
contact.  Also, unlike lime-stabilized material, cement-stabilized material does not autogenously
heal.

Fly ash, an industrial by-product resulting form the burning of ground or powdered coal, is a
pozzolanic material.  Fly ash needs to be mixed with an activator to form cementitous
compounds.  The required activator will depend on the source and chemical composition of the
fly ash and the material with which it is mixed.  Some materials will activate the fly ash; lime or
cement may be used to act as an activator by providing the required calcium hydroxide. [3]
There are naturally occurring pozzolans and pozzolans from industrial sources.  An example of a
natural pozzolan is the sandy volcanic ash from near Vesuvius that the Romans mixed with lime,
water, and aggregate to make a waterproof concrete.  Blast furnace slag from the production of



3

iron can be ground and mixed with water and a source of calcium hydroxide to form a
cementitous material. [3]

There are also a number of specialized stabilizers for which there is little technical information
or test data.  These stabilizers are sold under trade names.  ASTM D 4609 [4], American Society
for Testing and Materials, provides guidance in evaluating these products in terms of unconfined
compressive strength, Atterberg limits, particle size, moisture density relationship, and volume
change before and after treatment.  These products are primarily useful in stabilizing fine-grained
soils and are generally not applicable for use in stabilizing the base course directly beneath the
surface course for airport pavements supporting heavy aircraft loads.  For a listing of these
materials by category and potential uses, see reference 3.

The following sections will focus on the primary types of stabilizing agents (lime, cement, and
AC) used for stabilizing base course materials in heavy-duty pavements.

DESIGN PROCEDURES.

MIX DESIGNS.  The mix design for stabilized-material layers is driven by the property or
properties that are desired.  Some stabilization projects are required simply to provide a
construction platform and are not intended to provide additional long-term strength or a
reduction in pavement layer thicknesses.  When this is the case, the minimum additive
percentage is determined that will result in the required performance, for example the reduction
in plasticity for clay soils, and it is not necessary to test for strength or durability requirements.

In general the mix design for lime- or cement-stabilized materials is similar, particularly when
designing for a structural pavement layer.  The mix design procedures consist of testing for
strength, then testing for durability.  The durability test to be conducted, either freeze-thaw or
wet-dry, depends on the anticipated conditions.  The exact methods for determining the initial
additive content and the ways for conducting the tests vary slightly, but the results are the same.
Minimum values must be met in order to consider the acceptable material.  The Corps of
Engineers requires that stabilized materials reach a minimum of 750 psi and 250 psi unconfined
compressive strength to be used as a base or subbase course respectively for flexible pavements.
The Corps requires that the unconfined compressive strength of the material reach 500 psi for the
base course and 200 psi for the subbase course when used in rigid pavements. [5]  The ASTM
publishes standards for fabricating and testing stabilized specimens.  The ASTM procedures
include tests for strength, density, and durability are contained in references 6 through 16.  FAA
standards for cement-stabilized bases [17] call for laboratory specimens to be tested in
accordance with ASTM D 558 [6].  In addition, in-place field density is determined by ASTM D
1556 [8] or ASTM D 2167 [13].  The same testing requirements also apply to lime-treated
subgrade layers.

The asphalt-stabilized layer mix design procedures include procedures similar to the standard
asphalt mix design procedures such as the Marshall or Hveem.  Some agencies use procedures
such as triaxial tests, repeated load triaxial, or various penetration tests.  There is no consensus
for stabilizing with bituminous materials. [3]  Coarse-grained materials are better candidates for
stabilization with AC.  Fine-grained materials are difficult to mix with AC and coverage of
individual particles is virtually impossible.  Some fine-grained soils have been successfully
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stabilized with bitumen.  The AC does not coat all the individual particles but coats
agglomerations of particles.

THICKNESS DESIGN.  Virtually any design procedure can be modified to include stabilized
layers within the pavement section.  The difficulty in including the stabilized layer is
determining appropriate performance or failure criteria.  The particular criteria used will dictate
the material properties required to be determined.  For example, if a fatigue criteria based on
flexural strength is used for designing the stabilized layer, it will be necessary to measure the
flexural strength of the stabilized layer.

The Corps of Engineers procedure for the design of rigid airfield pavements allows for a
reduction in thickness of the PCC if the stabilized layer meets strength, gradation, and thickness
requirements specified. [18]  The Corps flexible airfield pavement design procedure using the
California Bearing Ratio (CBR) method requires that a conventional pavement be designed and
that then provides equivalency factors for stabilized materials. [19]

Similarly, the FAA design procedure for rigid pavements allows a reduction in PCC thickness
for stabilized subbases meeting FAA requirements.  This reduction is achieved by increasing
the value of the subgrade modulus (k-value) used for design, reflecting the effect of the stabilized
subbase.  Similar to the Corps procedure, the FAA flexible pavement design procedure
provides equivalency factors for stabilized layers that have the effect of reducing the total design
thickness [20].

For roads, streets, and highways, the American Association of State Highway and Transportation
Officials (AASHTO) design procedure requires the use of the resilient modulus along with either
the unconfined compressive strength (for cement-treated bases) or the marshall stability (for
bituminous-treated bases) for determining the layer coefficient used in the design of the
pavement section. [21]

Layered elastic design procedures such as the FAA standard LEDFAA [22] allow for a modulus
value to be input.  Based on the moduli and some other material properties, stresses can be
determined at various points in the pavement system.  Critical stress points, such as at the bottom
of the stabilized layer, are determined.  These critical stresses are compared to allowable stresses
based on fatigue relationships and strength tests performed on the stabilized material.  Short
comings of the layered elastic approach include the idealization of the stabilized layer as a
homogeneous, isotropic, continuous layer.

Although design procedures can be modified to include stabilized layers, the modeling and
applicable criteria may be difficult to accurately perform and apply.

CONSIDERATIONS.

With each type of stabilizing material, there are advantages and disadvantages and areas for
consideration that are potential problems.  One disadvantage with cement stabilization is the
tendency for the stabilized layer to crack when the percent cement is above 4 to 5.  This
shrinkage cracking can reflect through the surface course, particularly for flexible pavements,
and provide an avenue for moisture to invade the pavement and weaken the underlying layers.
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Other items for consideration with cement-stabilized layers include admixtures, freeze-thaw
protection (strength, durability), sulfate attack, pumping, acid sandy soils, and carbonation.  In
regards to admixtures, there are many products on the market intended to enhance particular
aspects of the cement-stabilized layer.  The long-term effects as well as the cost-effectiveness of
these products needs to be determined prior to use.  Freeze-thaw protection is usually assumed to
be provided if the stabilized layer has sufficient strength.  Durability tests are correlated to
strength in an attempt to ensure that freeze-thaw protection is provided.  There is some concern
as to the applicability of the durability tests, whether or not they accurately or adequately predict
the durability of the cement-stabilized material in the field (see references 23, 24, 25).  Sulfate
attack is a localized problem that causes the stabilized layer to expand and thereby destroy the
useability of the pavement through differential heave.  Some cement-stabilized layers have
pumped eroding and thereby reduce the support to the overlying pavement structure.  Acid sandy
soils are soils that will prevent the cement from hydrating and therefore no strength gain is
realized.  Carbonation, a potential durability problem for cement-stabilized materials, is the
reaction of the calcium hydroxide with carbon dioxide to form calcium carbonate.  Carbonation
has not been identified as a problem in the U.S.  However, it is not known if it has not occurred
or if it has not been recognized.  More work is required in this area. [3]

Concerns for lime-stabilized soils are similar to those for cement-stabilized soils.  In addition,
concerns of moisture effects and leaching are unique to lime-stabilized materials.  The strength
of lime-stabilized materials is more sensitive to moisture content.  Also, leaching of the lime
from the soil can occur, causing the stabilized soil to revert back to the chemical composition
before stabilization and therefore the undesirable properties return.

Concerns for bituminous-stabilized soils are related to guidance and stripping.  Guidance on
materials that are appropriate and can be expected to perform adequately are limited.  Stripping
is also a potential problem where the asphalt binder is stripped from the stabilized material and
no longer provides the positive properties for which it was included, i.e., adhesion and
waterproofing.

FIELD PERFORMANCE DATA

INTRODUCTION.

BACKGROUND.  The FAA requires the use of stabilized base courses for all pavements that
will support aircraft weighing 45,350 kg (100,000 pounds) or more.  This requirement is
delineated in Advisory Circular 150/5320-6D. [20]  The FAA’s decision to require stabilized
bases was based on the performance observed in pavements with stabilized bases in accelerated
load tests conducted by the Corps of Engineers. [26]

Because pavements are subjected to a complex interaction of loadings from aircraft and the
environment, the design process involves many variables which are difficult to quantify.
Although a great deal of pavement research has been conducted through the years, a direct
mathematical solution capable of determining required pavement layer thicknesses and material
types has not been achieved.  For this reason, pavement design procedures contain assumptions
and simplifications that allow the engineer to design a pavement with reasonable confidence that
it will perform adequately for its design life.   Pavement design is based on theory, laboratory
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study, and the results of field performance studies.  Field investigations are necessary to
determine how the existing technology has performed and where deficiencies might exist.  The
theory, design, and construction practices need to be periodically reviewed and modified as
necessary to correct deficiencies that are identified in field performance studies.

PURPOSE.  The purpose of the field investigation portion of this study is to investigate the in-
service performance of pavements that contain stabilized bases.  This report documents the
findings of field surveys and nondestructive testing performed on pavement sections at Atlanta
International Airport (ATL), Atlanta, Georgia; Dallas/Fort Worth International Airport (DFW),
Dallas, Texas; John F. Kennedy International Airport (JFK), New York, New York; Sky Harbor
International Airport (PHX), Phoenix, Arizona; and Stapleton International Airport, Denver,
Colorado.

SCOPE.  This study includes the determination of the present surface, the structural condition of
select pavements, and an analysis of the condition of some of the pavements over many years.  A
review of performance over time was possible because some of the pavement sections evaluated
for this investigation were also evaluated in 1983 for the FAA sponsored study reported in
“Evaluation of the FAA Design Procedure for High Traffic Volume Pavements.” [27]

It was intended that the stabilized-base study be limited to flexible and rigid pavements with
stabilized base courses that had not received overlays.  However, only one flexible pavement
section that was included in the 1983 high-volume study [27] has not received an overlay or
major rehabilitation.  Therefore, some flexible pavements that have been overlayed or received
major rehabilitation have been included in this study.  Specimen testing was conducted on cores
obtained from pavement sections being reconstructed at DFW.

APPROACH.

The basic approach for the field evaluation portion of this study was as follows:

1. Selection of airports to be included in the study

2. Selection of the data to be collected at each site

3. Data analysis

4. Compilation of the data and assessment of the performance of pavements with a
stabilized base

SITE SELECTION.

Several of the airports that were chosen for this study were evaluated in 1983 for the FAA
sponsored high-volume study. [27]  These airports were included in this study so that the
performance history of pavements with stabilized bases could be evaluated.  The airports
included in both the high-volume study and this study were ATL, DFW, JFK, and PHX.
Because ATL and JFK have been evaluated periodically by private engineering firms, it was
decided by the FAA that data from these engineering firms should be used so that more effort
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could be concentrated on the other airports.  Data for ATL were provided by Law Engineering,
Inc., Atlanta, Georgia.  Data for JFK were provided by the Port Authority of New York and New
Jersey.  The data collected for DFW, PHX, and Stapleton International Airport were collected by
a team from the Waterways Experiment Station (WES).  Pavements at Stapleton International
Airport were evaluated because of the unique opportunity provided by the airport being closed.
Stapleton International Airport is closed to all aircraft because it is located in the flight path of
the recently opened Denver International Airport.

DATA SELECTION.

The type of data selected to be gathered for this study was defined under the Interagency
Agreement.  The requirements in the agreement were to gather available construction and air
traffic data, perform pavement evaluations to calculate pavement condition index (PCI) and
structural condition index (SCI) values, and conduct falling weight deflectometer (FWD) tests to
determine elastic dynamic responses of the stabilized pavement systems being studied.  Because
some pavements at DFW were being replaced after approximately 21 years of service, a unique
opportunity was provided for gathering samples.  The FAA directed that several specimens of
the PCC surface course and the cement-stabilized base course be obtained and brought to WES
for laboratory testing and study.

FIELD TESTING PROCEDURES.

The field testing procedures conducted at each site included pavement condition surveys and
nondestructive testing.  Laboratory testing was conducted on specimens collected at DFW.

PAVEMENT CONDITION SURVEY.  A pavement condition survey is a visual inspection
procedure for determining the present surface condition.  The condition survey consists of
inspecting a portion of the pavement surface for the various types of distresses, determining the
severity of each distress, and measuring the quantity of each distress.  The condition survey
provides estimated quantities of each distress type and severity from which the PCI can be
determined.  The PCI is a numerical indicator based on a scale of 0 to 100 and is determined by
measuring pavement surface distress that reflects the surface condition of the pavement.
Pavement condition ratings (from excellent to failed) are assigned to different levels of
numerical PCI values.  These ratings and their respective PCI value definitions are shown in
figure 1.  The distress types, distress severities, methods of survey, and PCI calculations are
described in references 28 and 29.

The PCI procedure involves dividing a pavement into features which are defined as areas of
pavement of like cross section subjected to similar traffic.  A feature is divided into sample units
to facilitate the inspection process.  Sample units for AC pavements are approximately 465 sq. m
(5,000 sq. ft), and the sample units for PCC pavements contain approximately 20 slabs.  A
statistical sampling technique is often used to determine the required number of sample units to
be surveyed to provide a specified confidence level in the results of the survey.  For this project,
as many sample units as possible were surveyed, generally 100 percent.   After the sample units
are inspected, the mean PCI of all the sample units within a feature is calculated and the feature
is rated as to its condition: excellent, very good, good, fair, poor, very poor, and failed.
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FIGURE 1.  PAVEMENT CONDITION INDEX NUMERICAL VALUE VERSUS
CONDITION RATING

In addition to the PCI, the SCI was calculated for each pavement feature where the necessary
data were available.  Some of the data provided by the Port Authority of New York and New
Jersey and Law Engineering, Inc. did not allow for the determination of the SCI for the features
at JFK and ATL.

The SCI is calculated in the same manner as the PCI except that the only distresses included in
the determination are those distresses directly attributable to structural problems.  Table 1 defines
the distress types considered and the mechanism to which they are directly attributable as defined
in the Micro PAVER User Manual [30].

TABLE 1.  DISTRESS TYPES AND THEIR ASSOCIATED DISTRESS MECHANISM
(From Micro PAVER User Manual)

Asphalt Airfield Pavements Concrete Airfield Pavements

Distress Mechanism Distress Mechanism
Alligator Cracking
Bleeding
Block Cracking
Corrugation
Depression
Jet Blast
Joint Reflection Cracking
Longitudinal/Transverse Cracking
Oil Spillage
Patching
Polished Aggregate
Weathering/Raveling
Rutting
Shoving
Slippage Cracking
Swelling

Load
Other
Climate
Other
Other
Other
Climate
Climate
Other
Other
Other
Climate
Load
Other
Other
Other

Blow-Up
Corner Break
Linear Cracking
Durability Cracking
Joint Seal Damage
Small Patch
Large Patch/Utility Cut
Popouts
Pumping
Scaling/Crazing
Faulting
Shattered Slab
Shrinkage Cracking
Joint Spalling
Corner Spalling

Climate
Load
Load
Climate
Climate
Other
Other
Other
Other
Other
Other
Load
Other
Other
Other

Excellent100

Very Good85

Good70

Fair55

Poor40

Very Poor25

Failed10

0

Pavement Condition Index Rating
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NONDESTRUCTIVE TESTING.  Nondestructive tests were performed on the pavements with
the Dynatest heavy falling weight deflectometer (HWD) or model 8000 falling weight
deflectometer (FWD).  Both the HWD and the FWD operate similarly, however the HWD is
capable of applying a maximum force of approximately 224 kN (50,000 lbs) while the FWD is
capable of applying a maximum force of approximately 112 kN (25,000 lbs).  The
nondestructive testing (NDT) equipment are impact load devices that apply a single-impulse
transient load of approximately 25-30 millisecond duration.  With these trailer mounted devices,
a dynamic force is applied to the pavement surface by dropping a weight onto a set of rubber
cushions which results in an impulse loading on an underlying circular plate 30 cm (11.8 in.) in
diameter that is in contact with the pavement.  The applied force and the pavement deflections
are respectively measured with load cells and velocity transducers.  The drop height of the
weights can be varied from 0 to 39.9 cm (15.7 in.) to produce a force from 0 to the approximate
maximum force the device is capable of producing.

Seven seismic velocity transducers are used to measure the pavement deflections under the
applied loads by the circular load plate.  The first of the seven sensors is located at the center of
the load plate, D0.   The other six sensors are labeled as D1 through D6 and located at the
distances of 30 cm (12 in.), 61 cm (24 in.), 91 cm (36 in.), 122 cm (48 in.), 152 cm (60 in.), and
183 cm (72 in.), respectively, from the D0.  The systems are controlled by a microcomputer that
also records the deflection basin measurements computed from velocities from the seven sensors.

The analysis of the NDT data to obtain modulus values for the various layers of the pavement
systems was accomplished in accordance with the method described in the Department of the Air
Force Technical Manual. [31]  The calculation procedure involves the input of the measured
deflection basins, layer thicknesses, and layer types into a layered elastic multilayered
backcalculation program to determine the surface, bases, and subgrade modulus values.  The
program determines a set of modulus values which provide the best fit between a measured
deflection basin (NDT) and a computed (theoretical) deflection basin.

LABORATORY TESTING PROCEDURES.  Laboratory tests were conducted on the samples
obtained from DFW and brought back to WES.  The engineering testing consisted of
compressive strength, tensile strength, and the determination of the modulus of elasticity.  The
compressive strength tests were accomplished in accordance with ASTM C 39-93. [32]  The
splitting tensile strength testing was performed in accordance with ASTM C 496-90. [33]  The
modulus of elasticity tests were performed in accordance with ASTM 469-94. [34]

In addition to the strength and modulus testing, petrographic analysis was conducted on the
samples obtained from DFW.  The petrographic investigations included x-ray diffraction (XRD),
scanning electron microscope (SEM), and energy-dispersive x-ray (EDX) analysis. The
procedures and results of this testing are presented in appendix B.

SUMMARY OF DATA

This section of the report presents a summary of the data collected at each airport.  The physical
property data for each airport summarizes the material properties for each pavement layer.  For
the airports included in the high-volume study, [27] the basic physical property data were
obtained from that report.  The thicknesses shown for the various pavement layers are the
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nominal design thicknesses.  The other physical property data shown are based on design or
planning documents.  Results of tests performed on cores obtained for this study are reported in
separate tables.

All of the pavement sections evaluated in this report were primary taxiway pavements.  No
runway pavements were included in this study because none were included in the high traffic
volume study. [27]  The reason for not including runways in the high traffic volume study was
because of the time requirement for closing the pavement to conduct NDT and the PCI visual
survey.

All of the runway and taxiway pavements at PHX were AC in 1983.  Several sections that had
been included in the high-volume study at Phoenix were not included in this study because they
have been completely reconstructed using PCC.  The sections at Phoenix that were not
reconstructed with concrete were rehabilitated by having the top layer of AC milled off and
replaced with a new HMAC layer.

ATLANTA INTERNATIONAL AIRPORT.

The pavement data collected at ATL that was used for this report were obtained from two studies
conducted by Law Engineering, Inc., Atlanta, Ga., in 1991 and 1995.  The unprocessed NDT
data collected by Law Engineering, Inc. and reported in their 1995 report were analyzed using
the procedures detailed in reference 31.

The pavements evaluated at ATL were constructed in 1979 and were in service for 16 years at
the time of this study.  The pavements were designed for a 20-year design life.  All the
pavements evaluated at ATL are rigid pavements with approximately 0.06 percent temperature
steel.  The slabs in the pavements evaluated were a nominal 41 cm (16 in.) thick with transverse
joint spacings of 7.5 m (25 ft).  The longitudinal joints were keyed.  It should be noted that a
conclusion of the high traffic volume study indicated that keyed joints in highly channelized
areas subjected to high traffic volumes should be limited, even when placed on strong subgrades.

The locations of the pavements examined for this study are shown in figure C-1 in appendix C.
Table D-1, appendix D, summarizes the physical property characteristics of each pavement
section studied.  Tables D-2 and D-3 summarize the historic and recently collected PCI data.
Table D-4 presents the results of the NDT data analysis.

DALLAS/FORT WORTH INTERNATIONAL AIRPORT.

Dallas/Fort Worth (DFW) was opened to aircraft traffic in 1974.  Therefore, at the time of this
study the pavements were approximately 21 years old, 1 year older than their design life.  The
pavements are all rigid, designed as jointed reinforced-concrete slabs.  The original design called
for doweled joints spaced at 15-m (50-ft) intervals.  After construction commenced, the design
was changed due to regular cracking being observed at approximately 7.5-m (25-ft) spacings
(mid-slab).  The remaining pavements were constructed with doweled joints at 15-m (50-ft)
spacings and contraction joints were sawed at 7.5-m (25-ft) spacings.  The longitudinal joints
were drilled and epoxy doweled.   The slabs contained approximately 0.07 percent temperature
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steel.  Slab thicknesses ranged from 38 to 46 cm (15 to 18 in.), and all were resting on a 23-cm
(9-in.) cement-stabilized base over a 23-cm (9-in.) lime-stabilized subgrade.

The locations of the pavements tested at DFW for this study are shown in figure C-2.  Table D-5
summarizes the physical property characteristics of each pavement section studied.  Table D-6
summarizes the historic and recently collected PCI data.  Table D-7 presents the results of the
NDT data analysis.  Table D-8 shows the traffic data reported by the Airport Development
Department at DFW.

JOHN F. KENNEDY INTERNATIONAL AIRPORT.

The data used for evaluating the pavements at JFK were provided by the Port Authority of New
York and New Jersey.  The Port Authority has personnel on staff that conduct periodic condition
surveys.  The Port Authority contracts NDT data collection and analysis.  The Port Authority
provided the most recently collected NDT data.  The unprocessed NDT data were evaluated
using the procedure in reference 22.

The location of the pavements evaluated at JFK are shown in figure C-3.  The physical property
characteristics of the pavement sections are summarized in table D-9.  The PCI data and results
of the NDT analysis are shown in tables D-10 and D-11 respectively.  Table D-12 summarizes
the traffic data provided by the Port Authority.

PHOENIX SKY HARBOR INTERNATIONAL AIRPORT.

The pavements that were evaluated for the high-volume study [20] at Phoenix were all flexible
pavements.  Only four of the original eight sections evaluated in the high-volume study were still
conventional flexible pavements at the time of this study.  The other four sections have been
reconstructed and are now PCC.  Half of two of the remaining four flexible sections have also
been reconstructed with PCC.  All of the remaining flexible pavement sections had
approximately 2 in. of AC milled off and replaced with a new HMAC surface course in 1991.
The ages of the pavements tested for this report were 14 to 28 years.

The locations of the pavements tested at Phoenix for this study are shown in figure C-4.  Table
D-13 summarizes the physical property characteristics of each pavement section studied.  Table
D-14 summarizes the historic and recently collected PCI data.  Table D-15 presents the results of
the NDT data analysis.  The traffic data provided by the City of Phoenix Aviation Department
are shown in table D-16.

STAPLETON INTERNATIONAL AIRPORT.

Only one pavement feature was evaluated at Stapleton International Airport.  Taxiway Z was
chosen for evaluation because it met the requirements of having been in use for approximately
20 years without any major rehabilitation or repair work and contained a stabilized base layer.

The summary of physical property data for taxiway Z is shown in table D-17.  The results of the
PCI data collected for taxiway Z is shown in table D-18.  Table D-19 shows the results of the
analysis on the NDT data collected at Stapleton International Airport.
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DISCUSSION OF DATA

The results of the data collected for the pavements being evaluated are discussed in the following
section.

ATLANTA INTERNATIONAL AIRPORT.

Current PCI data for those sections evaluated in the past (1983, 1986) were not available since
the airport does not require a PCI survey of its taxiways.  In order to determine a trend, the PCI
data collected for the runways were included as shown in table D-3.

If the taxiway pavements had continued to deteriorate at the rate which would have been
anticipated based on the 1983 and 1986 surveys, they would be in total failure by the time of the
1995 survey. The average PCI of the sections surveyed in 1983 was 82 with a standard deviation
of 4.  The average PCI for these sections in 1986 was 69 with a standard deviation of 6.  This
indicates a rate of drop in PCI of 4 per year.  Using a linear extrapolation from 1986 to 1995, the
PCI would be expected to be 33 in 1995.  However, from discussions with personnel of Law
Engineering, Inc., Atlanta, Ga., it is apparent that these pavements are in much better condition
than would have been predicted.  Most of these pavements were constructed with keyed
longitudinal joints.  The taxiways were 23 m (75 ft) wide with 7.5-m (25-ft) joint spacings.  This
resulted in a keyed longitudinal joint in the wheel path.  One of the conclusions of the high-
volume study [20] was that keyed joints should not be used in highly channelized traffic areas,
even when strong subgrades are anticipated.  The early failure of many of these keys caused the
PCI of these sections to drop significantly.  Diligent repair of the failed keys in the mid to late
1980s proved successful, allowing these pavements to continue to provide a quality pavement for
supporting aircraft.  The personnel at Law Engineering, Inc. indicated that the performance of
the taxiways has been very similar to the performance of the runways with the exception of the
longitudinal key problem.

The SCI of the taxiway pavements at ATL remained at virtually 100 for the 1983 and 1986
surveys.  The key failures were recorded as joint spalling and therefore were not defined as a
structural problem.  The Micro PAVER program attributes spalling to the mechanism of “other.”
The mechanism “other” indicates the distress could be caused by the environment, loads,
construction deficiencies, or any combination of these three items.  The SCI of the runway
pavements must be high since the PCI is high as shown in table D-3.

The results of the analysis of the NDT data shown in table D-4 indicate that it is difficult to
differentiate between the PCC surface layer and the cement-stabilized base.  One possible reason
for the difficulty in differentiating the layers with NDT analysis is the similarity in magnitude of
the strength of the layers.  From strength tests [35], the mean splitting tensile strength for the
PCC samples tested for the 1994 report was 614 psi with a standard deviation of 121 psi.  The
results of compressive strength tests on the cement-treated base averaged 3,571 psi with a
standard deviation of 1,552 psi. [36]  The compressive strength of 3,571 psi can be related to a
tensile splitting strength value of approximately 425 psi. [37]  Although samples that have
similar strengths cannot be assumed to have similar stiffnesses, the fact that the specimens are
like materials (PCC and cement treated base (CTB)) suggests that the trends in strength and
stiffness would be similar.
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In order to quantify the difficulty in obtaining reasonable modulus values for the different layers
of the pavements, the average percent error can be examined.  The average percent error
indicates the error between the measured deflection basin and the theoretical deflection basin
which was calculated based on the modulus values determined for each layer.  The mean average
percent error for all sections evaluated at ATL was 2.7 with a standard deviation of 1.7, when the
PCC and CTB were treated as separate layers.  The mean average percent error for those sections
when the PCC and CTB were treated as one composite layer was 0.9 with a standard deviation
of 0.4.

In terms of traffic operating on the pavements, the airport does not keep records of the number of
operations for each feature.  The method used by Law Engineering, Inc. for determining the
number of operations for evaluation purposes is to divide the total operations by two to obtain
departures, then divide this number by four to obtain departures for each of the four runways.
This method probably comes within an order of magnitude of actual departures.  The number
used by Law Engineering, Inc. for total operations is approximately 800,000, which is near the
peak seen in the late 1980s.  The total number of operations for 1994 was 715,920.

DALLAS/FORT WORTH INTERNATIONAL AIRPORT.

Table 2 shows the average PCI and SCI for all the pavement features evaluated for the years
1983, 1986, 1990, and 1995.  A real trend is difficult to determine from table 2 because the
averages drop from 1983 to 1986, rise from 1986 to 1990, and then drop again from 1990 to
1995.  According to maintenance personnel at DFW, no major rehabilitation or reconstruction
was performed between 1986 and 1990.  One possible reason for the unusual pattern in PCI is
that the crews that surveyed the pavements in 1983 and 1986 defined some cracking as
longitudinal/transverse cracking.  In the 1995 survey, much of this same cracking was defined as
shrinkage cracking.

TABLE 2.  AVERAGE PCI AND SCI FOR ALL THE PAVEMENTS SURVEYED AT
DALLAS/FORT WORTH INTERNATIONAL AIRPORT

Year 1983 1986 1990 1995

Mean PCI 82 63 85 79

Standard
Deviation

10 25 8 8

Mean SCI 84 84 --- 98

Standard
Deviation

17 17 --- 3

Observing the SCI performance history indicates no significant structural problems.  If the 1983
and 1986 surveys are considered separately from the 1990 and 1995 surveys, the SCI appears to
remain constant for each period.  Although the SCI was not available for the 1990 survey
because the actual survey data were not available, the mean SCI would have been expected to be
between 98 and 100 based on the 1995 survey.
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The results of the analysis of the NDT data showed that more reasonable results are obtained
when the PCC and cement-stabilized base are modeled as one layer.  More reasonable results are
also obtained when the lime-stabilized layer and subgrade are analyzed as one layer.  The mean
average percent error results are 7.1 with a standard deviation of 3.2 for the pavement system
modeled as four layers.  The mean average percent error for the pavement systems modeled as
two composite layers was 1.3 with a standard deviation of 0.5.

A summary of the results of the laboratory testing for strength and modulus values is shown in
table 3.  Similar to Atlanta, the strength of the cement-stabilized base is relatively high.  This
indicates that it would be difficult to distinguish between the PCC and cement-treated base layers
with backcalculation techniques.

TABLE 3.  SUMMARY OF RESULTS OF LABORATORY TESTING, DALLAS/FORT
WORTH INTERNATIONAL AIRPORT

Material

Average Splitting
Tensile Strength

(psi)

Average
Compressive

Strength
(psi)

Average E
(psi x 106)

PCC Mean 538 8870 5.2

Standard
Deviation

60 255 ---*

Cement-
Stabilized

Base

Mean 202 1300 1.8

Standard
Deviation

39 207 0.1

* Note: Only one data point was available for the PCC modulus value, therefore there was no
standard deviation to report.

Since the lime-stabilized layer has been in place for over 20 years, it is possible that much of the
lime has leached out of this layer reducing its effectiveness and its contribution to the strength
and stiffness aspects of the subbase.  This is one possible explanation for the difficulty in
determining unique modulus values for the lime-stabilized subbase and subgrade.

From the traffic data shown in table D-8, the features receiving the most traffic (features 7 and 8)
are being reconstructed.  Feature 7 had the lowest PCI in 1995 of 57 and an SCI of 98.  No 1995
PCI or SCI data were available for feature 8 because it was being reconstructed at the time of the
survey (table D-6).  The features that support the least amount of traffic (features 3 and 4) have
been among the highest in terms of PCI and SCI.  The 1995 PCI for features 3 and 4 was 85 and
86 respectively.  The 1995 SCI for features 3 and 4 was 100 and 99 respectively.
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JOHN F. KENNEDY INTERNATIONAL AIRPORT.

Of the four pavement sections included in the original 1983 study, only one has not been
reconstructed or overlayed since 1983 according to records provided by the Port Authority of
New York and New Jersey.  The feature (feature 1) that has not been reconstructed or overlayed
had a PCI of 92 in 1983 and a PCI of 60 in 1993.  The SCI in 1983 was 95. The SCI was not
available for 1993.  Feature 1 at JFK is the only flexible pavement evaluated for this study
(including those at Phoenix) that did not receive an overlay or major rehabilitation since the 1983
evaluation.

The evaluation of the NDT data provided by the Port Authority showed that the most reasonable
results, for the flexible pavement feature with a bituminous-stabilized base course, were obtained
when the HMAC surface course and bituminous-stabilized base course were modeled as a
composite layer.  The average percent error for feature 1 was 0.7 when the surface and base were
modeled as one layer and it was 5.9 when the pavement system was analyzed with separate base
and surface course layers.  When the base was not bituminous stabilized, it was distinguishable
from the surface course in terms of being able to back calculate modulus values for the different
layers.

According to the traffic data provided by the Port Authority, the annual equivalent 747-200B
departures for feature 1 was approximately 31,100 annually for the years 1975-1995.  According
to the high-volume study [27] the equivalent annual B-747 departures was 34,983 for this
feature.  Therefore, the total equivalent annual departures has remained fairly constant over the
past 20 years.

PHOENIX SKY HARBOR INTERNATIONAL AIRPORT.

All of the pavements at PHX have had at a minimum the top course of AC milled off and
replaced.  Several of the pavements that were included in the high-volume study [27] have been
reconstructed with PCC.  The pavements that were reconstructed with PCC were not evaluated
for this study.  Since all of the pavements that were included in this study received major
rehabilitation, examining the PCI trends indicates when major rehabilitation was considered
necessary.  Looking at the PCI trends shows that major rehabilitation was required for all the
flexible pavements and that the rehabilitation technique of grinding off the surface course and
replacing it drastically increased the PCI.  How long this rehabilitation technique will provide a
functional pavement is not known.  Most of the rehabilitation was done in 1991, therefore it has
been performing well for approximately 4 years.  The types of distresses observed at PHX and
the types of distresses that required the major rehabilitation projects were rutting and bleeding.
These types of distresses would indicate possible problems with the mix design.  It appeared that
the distresses were limited to surface courses and that the base was performing adequately.

Table 4 shows the average PCI for all sections surveyed in 1983, 1986, and 1995.  The average
drop in PCI from 1983 to 1986 was 12 points, an average loss rate of 4 PCI points per year.  The
average drop in SCI from 1983 to 1986 was 13 points.
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TABLE 4.  AVERAGE PCI AND SCI VALUES FOR ALL PAVEMENTS SURVEYED,
PHOENIX SKY HARBOR INTERNATIONAL AIRPORT

Year 1983 1986 1995

Mean PCI 55 43 87

Standard Deviation 20 14 14

Mean SCI 78 65 92

Standard Deviation 19 15 10

Only one of the four pavement sections at PHX had a stabilized base course; it is bituminous
stabilized.  The other three pavement sections had a crushed-stone base.  The analysis of the
NDT data indicated that the pavement section with the bituminous base course gave more
reasonable backcalculated modulus values when the surface and base course were treated as one
layer.  The average percent error was 14.3 when the stabilized layer was analyzed as a separate
layer and it was 4.2 when it was analyzed as a composite layer with the surface course.  The
other three pavement sections provided more reasonable results when the base course modulus
was calculated separately from the surface course.  The mean average percent error was 2.6 with
a standard deviation of 1.8 for the crushed-stone base pavement systems analyzed with separate
base and surface course layers.  The mean average percent error for the pavement systems with
the crushed-stone bases was 4.3 with a standard deviation of 1.1 when the surface and base
course were modeled as one layer.  Although these differences may not be significantly different
(the sample size is not sufficiently large to run a proper statistical analysis), it is apparent that the
trend is reversed from the trend observed when the base is stabilized with a material like the
surface course.

STAPLETON INTERNATIONAL AIRPORT.

There were no previous PCI data to compare to the results of the 1995 PCI survey.  However, the
pavement could be considered at the end of its design life since it had performed for
approximately 20 years before Stapleton was closed.  The 1995 PCI of the taxiway was 50 with
an SCI of 77.  When reviewing the PCI data, a distinct trend was noticed.  The average PCI of
the first 19 sample units (of which only one was above 50) was 35 with a standard deviation of 8.
The average PCI of the last 16 sample units surveyed (of which none were below 50) was 68
with a standard deviation of 9.  The average SCI for the first 19 sample units surveyed was 67
with a standard deviation of 9.  The average SCI for the last 16 sample units surveyed was 97
with a standard deviation of 4.  It was noted that because of the way the airport is configured, the
southern half (the area represented by the first 19 sample units) of the taxiway supported many
more aircraft operations than the northern half.

Since taxiway Z was so long, over 3,962 m (13,000 ft), the NDT data was divided into five
sections for evaluation.  The method used for determining how to divide the feature into sections
was to view a plot of the impulse stiffness modulus (ISM) versus station.  The ISM is defined as
the load divided by the deflection at the first sensor.  The ISM gives a relative stiffness of that
point in the pavement for comparison to other points in the pavement.  The pavement section of
taxiway Z consisted of PCC over a cement-treated base over a cement-treated sand subbase
resting on the subgrade.  The most reasonable results were obtained when the cement-treated
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base and the cement-treated sand subbase were analyzed as one composite layer.  However, the
difference between the evaluation with the base and subbase as a composite layer and the
analysis with the base and subbase as separate layers was very small.  The mean average percent
error for the pavement system modeled as four layers was 1.2 with a standard deviation of 0.6.
The mean average error for the pavement system modeled with a surface layer and composite
base layer was 0.8 with a standard deviation of 0.2.

FIELD OBSERVATIONS

Discussions with personnel in the field revealed some interesting information, as did
observations at the time of evaluation for each of the airfields.  The following section details
many of these observations.

ATLANTA INTERNATIONAL AIRPORT.

Discussions with personnel at Law Engineering, Inc., Atlanta, Ga., revealed that the pavements
are performing very well.  Other than the problem with the keyed joints in the taxiway (discussed
previously) no major problems exist at ATL.

The only problem they are experiencing at ATL is some alkali-silica reaction occurring in the
PCC.  Based on photos taken over several years at the same location, the surface damage does
not seem to be increasing; however, the areal extent observed on the pavement surface is
increasing.  Most of the pavements that are experiencing this problem are over 20 years old and
therefore have performed for their design life.  However, if not for this problem, it is unknown
how long these pavements could perform if properly maintained.  It is also not known how
detrimental this problem will eventually become.  In 1987, ATL began specifying low-alkali
cement in an attempt to prevent this problem from occurring in the future.  This problem first
began to manifest itself to the point where it was visibly noticeable in the mid 1980s.

Observations concerning the cement-treated base course are very limited because few slabs have
been completely replaced.  Some of the observations that have been noted include that very little
distress in the CTB has been observed in areas where the CTB has been exposed.  The CTB has
very high strength, as discussed in the previous section.  The CTB is supported by a layer of soil
cement.  The soil cement contains 8-9 percent cement by dry weight.  A 7-day compressive
strength requirement of 400 psi is normally achieved with no difficulty.  The CTB has a 7-day
compressive strength requirement of 750 psi.  Both the soil cement and CTB easily pass wet/dry
and freeze/thaw durability test requirements.

In 1987 a taxiway keel section was removed due to excessive corner breaking.  The taxiway was
23 m (75 ft) wide consisting of three 7.5-m (25-ft) slabs.  The corner breaking was apparently
due to slab curling.  Personnel from Law Engineering, Inc. observed corner deflections with the
unaided eye one cold February.  A DC-8 was operating on the taxiway, and as it taxied, an
unbroken corner of a slab could be seen deflecting and rebounding.

When investigating the corner deflections, Law Engineering, Inc. obtained a 66-cm (26-in.)
-diameter core at a joint.  A gravity flow grout was allowed to flow into the joint to hold the core
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together for removal.  Observations of the removed core indicated that the crack in the CTB
matched the crack in the PCC.

Law Engineering, Inc. personnel also observed that the CTB sometimes adheres to the PCC and
sometimes it does not.  Generally an emulsion is placed as a bond breaker; Law Engineering,
Inc. personnel felt that if the PCC was placed quickly enough the bond breaker worked.  If the
PCC was not placed quickly enough and the emulsion was allowed to weather, the effectiveness
of the bond breaker seemed to be greatly reduced.

One additional observation concerning the CTB was that if left exposed during the winter, it
tended to scale.  Law Engineering, Inc. personnel felt that this was probably not detrimental to
the performance of the pavement.

The taxiway and runway pavements at ATL have a built-in drainage structure.  Underdrains
spaced every 15 m (50 ft) at a 45o angle are approximately 0.3 m (1 ft) wide and 0.6 m (2 ft)
deep.  The drains are filled with stone meeting the standard gradation of ASTM 595. [38]
Personnel from Law Engineering, Inc. felt that although unquantifiable, the drainage layer has
had a definite positive impact on the performance of the pavements at ATL.

DALLAS/FORT WORTH INTERNATIONAL AIRPORT.

The reconstruction of part of a taxiway at DFW provided an opportunity to examine the
stabilized base course.  During construction the contractor was required to remove any cement-
treated base (CTB) deemed bad.  For construction purposes, good CTB was defined as areas
where there was a single transverse crack at doweled joints and no crack at the dummy joints.
The dummy joints were those sawed joints between the doweled joints.  Some of the dummy
joints were not sawed, but were mid-slab cracks.  Bad CTB was defined as areas with multiple
cracks under the doweled joint and a single crack under the dummy joint.  Bad CTB also may
have contained mid-slab longitudinal cracking. Discussions with personnel involved in the
reconstruction of the taxiway sections revealed the following:

1. There were what appeared to be some small shrinkage cracks in the CTB.  However, it
was impossible to differentiate the shrinkage cracks from structural cracks.

2. Anywhere from 5% to a maximum of 40% of the areas reconstructed were found to have
bad CTB.

3. The east side of the CTB appeared to be more distressed than the west side.  The slope of
the taxiway is from west to east.  On the east side is a grass infield with heavy clay soils
(that does not drain easily).  From the condition survey, it was noticed that pumping was
found to be more predominant on the east side of the taxiway.  The data from the
condition survey was examined to determine if the perceived poorer performance of the
CTB on the east side manifested itself in terms of poorer performance of the east side of
the PCC surface course.  The PCI data collected for feature 7 was divided into east and
west side sample units.  The results of this analysis showed the east side to have an
average PCI of 59 and SCI of 91.  The average PCI of the west side was 61 with an SCI
of 88.
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4. The original pavement construction procedures required that an AC emulsion bond
breaker be placed on the CTB before the PCC was placed.  In some areas it worked to
break the bond, and in some areas it appeared to act as a super glue.  Most of the slabs
removed had some CTB adhering to the bottom.

5. In one particular area, there was an island of good CTB and PCC surrounded by an area
of bad CTB and PCC.  The good area had a bond breaker of what appeared to be a woven
fiberglass mat either impregnated or tacked with AC emulsion.

6. The contractor found it difficult to work with an emulsion used as a bond breaker.  It was
not used for the reconstruction.

7. The majority of both the longitudinal and transverse cracking occurring in the cement-
stabilized base was found to occur under the joints in the PCC surface course.

JOHN F. KENNEDY INTERNATIONAL AIRPORT.

From discussion with personnel at the Port Authority, they questioned the validity of some of the
analyses that had been done on their pavements.  The Port Authority does maintain in-house
personnel that survey the pavements.  However, they contract out NDT work and analysis.  In
the past, contractors have presented some questionable data, in terms of the backcalculated
modulus values, for those pavements containing stabilized base courses.  One contractor noted
the unusual numbers but did not provide an explanation.  Another contractor evaluated the
pavements with the unusual backcalculated modulus values, but did not question the validity of
the modulus values or the resulting evaluation.

PHOENIX SKY HARBOR INTERNATIONAL AIRPORT.

All of the taxiway and runway pavements at PHX were AC until the early 1990s.  Currently, an
ongoing program is underway to replace many of the AC pavements with PCC.  Problems
encountered with the AC pavements have included rutting and excessive bleeding.

All of the pavements that were included in the high-volume study [27] have either been
reconstructed with PCC or received some kind of major rehabilitation.  The major rehabilitation
consisted of milling off the surface course and replacing with a like thickness, or thicker, course
of HMAC.  Table D-13 provides the details of the thicknesses milled off and the thicknesses of
the overlays.  Because the problems noted have been related to bleeding and rutting and have
been corrected by milling off the surface course, they are probably related to a deficiency in the
mix design.

STAPLETON INTERNATIONAL AIRPORT.

Taxiway Z, the only pavement feature evaluated at Stapleton International Airport, has
performed well for its design life.  If the airport had not been closed, taxiway Z would have been
scheduled for a major rehabilitation or reconstruction project.
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Near the north end of taxiway Z, part of the cement-treated base was exposed because a road was
being constructed through the airport at the time of this evaluation.  Observations of the CTB
indicated that it appeared to be in excellent condition.  There was very tight cracking.  It had
rained just previous to the visual inspection of the CTB, making the cracking visible.
Longitudinal cracking followed down the line of the longitudinal joints and the transverse
cracking was regularly spaced at the same interval as the transverse joint spacing of the PCC.
This indicated that the cracking of the CTB was directly under the joints of the PCC.

CONCLUSIONS

From the observations made and tests conducted at each of the airports, the following general
conclusions can be drawn:

1. The strength and stiffness of the cement-stabilized bases at the airports studied are very
high.  This makes it very difficult to differentiate the stabilized layer, in terms of modulus
values, when conducting a nondestructive evaluation based on data collected with an
FWD or HWD device.  This also indicates that the PCC layer may be behaving, in terms
of the performance during NDT, more as a bonded overlay on the stabilized layer rather
than a PCC layer resting on a separate stabilized layer

2. When evaluating a pavement based on NDT data collected with a FWD or HWD,
differentiating between base layers stabilized with materials like the surface layer is
difficult.  This is true for both PCC surface courses over cement-stabilized layers and AC
surface courses over AC-stabilized bases.

3. From the reconstruction at DFW and maintenance work at other airfields, it appears that
current methods of constructing a bond breaker, to prevent a bond from forming between
the PCC and the underlying stabilized layer, do not perform adequately.  In general the
stabilized layer is bonded to the PCC and a slippage plane or horizontal crack develops
below the PCC-stabilized layer interface.

4. The cracking pattern observed in all of the cement-treated bases at a minimum followed
the cracking/joint pattern in the overlying PCC layer.  Other cracking was present in
some of the cement-treated bases.  This cracking could have been shrinkage cracking that
formed at the time of construction.

5. In general, the results of the condition survey data from DFW did not indicate a
difference in the PCC surface condition in areas where the CTB was in poorer condition.

6. From the materials collected at DFW, it appears that the material being pumped from the
pavement is from the cement-stabilized layer.  This indicates that erosion is occurring in
the cement-treated base.  This suggests that it would be appropriate to provide a drainage
layer directly underneath the PCC layer.

7. The overall performance of cement-stabilized bases can be considered good.  All of the
pavements containing cement-stabilized bases have, at a minimum, performed for their
design life.  Some of the more heavily used pavements have required replacement after
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more than 20 years in service.  However, these pavements have likely supported a great
deal more traffic than they were originally designed for.  The good performance of these
pavements, even with the probable large increase in operations over original design,
indicates that the pavements were over designed, that the stabilized base helps provide
good performance, or that, as is known, the loads are more critical than the actual number
of operations and that as long as the load magnitude designed for is accurate, the number
of operations only needs to be within an order of magnitude.  Usually the pavements are
designed to carry the maximum gross weight of the design aircraft and most aircraft
rarely if ever reach their maximum gross allowable weight during normal daily
operations.

8. The amount of data available for determining the performance of AC-stabilized bases
was limited.  All of the pavements included in the study that had AC-stabilized bases had
an AC surface course.  All of the pavements except one had major rehabilitation or
reconstruction in the past 10 years.  However, most of the rehabilitation work was limited
to the surface course, such as grinding off and replacing with a like or greater thickness
of HMAC.  This would indicate that the AC-stabilized base courses are performing
adequately since total reconstruction was not required for any of the pavements with AC-
stabilized bases.  The types of distresses seen in the AC surface courses, bleeding and
rutting, indicate possible HMAC mix design problems.  At PHX, a review of the
condition survey data indicates that the one section with an AC-stabilized base course
out-performed the three sections with granular base courses.  However, a definitive
conclusion cannot be reached based on this one data point since accurate traffic data for
each feature were not available.  It is not known if these four features supported similar
traffic volumes and weights.
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APPENDIX BPETROGRAPHIC ANALYSIS OF SPECIMENS FROM
DALLAS/FORT WORTH INTERNATIONAL AIRPORT

Eight PCC and eight cement-treated base core samples were obtained from Dallas/Fort Worth
and returned to Waterways Experiment Station (WES) for testing.  In addition to the core
samples, material pumped from the pavements was also brought back to WES.  Four of the PCC
and four of the cement-treated base samples were obtained from feature seven.  The remaining
four PCC and cement treated cores were obtained from feature eight.

The purpose of the petrographic analysis was to determine, if possible, the source of the pumped
material.

PROCEDURE.

PETROGRAPHY AND CHECK-IN.  Each of the 16 cores was examined and assigned
identification numbers to be used by the structures laboratory for inclusion in their database.  The
initial examination consisted of inspecting the cores for any degradation or cracks, examining the
paste and aggregate for any obvious discoloration or other evidence of reaction, and measuring
the length of each core.

XRD.  A small sample of subbase was removed from the bottom of one of the base course cores.
The material was passed through a 45-µm (No. 325) sieve and examined as a tightly packed
powder by XRD.  A slurry of water and soil was prepared on a glass slide, dried in air at ambient
temperature, and examined by XRD.  The slurry was then saturated with glycerol and after 24
hours was reexamined by XRD.  This procedure was used to characterize the clay minerals in the
subbase soil.

A piece of cement-treated base from the same core the subbase sample was obtained from was
placed in a mortar and kneaded with a gloved hand.  This material was sieved through a No. 325
sieve and a portion of the material finer than 45 µm was collected and examined as a random
powder mount by XRD.  This sample was dispersed in water and sedimented onto a glass slide,
dried in air at ambient temperature, and examined by XRD.

SEM.  The SEM and EDX analysis were used on samples of three cement-treated bases and the
subbase soil obtained from the same core as the material used for the XRD.  A fresh fracture
surface was prepared for each sample and then coated with a thin (~ 15-nm) layer of gold.

RESULTS AND DISCUSSION.

Examination of all the cores revealed no evidence of any deterioration or cracking.  The concrete
cores were all grayish colored, and the cement-treated base samples were brownish-tan.  The
aggregate in the concrete and base course was limestone.  Seven of the concrete cores consisted
of two pieces.  The cores had apparently broken during the coring operation at the location of the
steel reinforcement as each of the pieces showed impressions of the reinforcement bar.  The lone
unbroken concrete core showed no reinforcement.  Each of the cement-treated base samples
consisted of a single piece.  On the bottom of one of the cement-treated base samples was a small
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amount of material interpreted to be the lime-stabilized subbase material.  No sample of the
subgrade material was available.

The in-place lime-stabilized subbase sample was primarily composed of calcite with quartz,
kaolinite, illite, and expandable smectite clay as accessory minerals.  The cement-treated base
sample contained the same phases as the subbase but did not have any of the expandable clay
phases.

The presence of calcareous material in the lime-stabilized subbase is due to calcareous
microscopic fossils in the limestones used as aggregate.

The material pumped out of the joints was composed of the minerals quartz, calcite, and
kaolinite.  Because no expandable clay was found in this sample, the subbase material is
probably not the source of the pumped material.  Furthermore, since the mineralogy of the
pumped material is similar to that of the base, the base is apparently the source of the ejected
material.  SEM analysis revealed no whole coccoliths or forminifera in the sample of the pumped
material.  This result agrees with the idea that the source of the pumped material is not the lime-
stabilized subbase.  Inherent in this hypothesis is the assumption that the sample of the pumped
material retrieved here was taken from an area which had a mineralogy similar to the area where
the cores were taken.

CONCLUSION.

The lack of an expandable clay component indicates that the source of the pumped material was
not the lime-stabilized subbase.  The mineralogy of the pumped material resembled that of the
cement-treated base and could be the source of the material.  Because no sample of the subgrade
was obtained, no conclusions can be drawn about the mineralogy of physical properties.
However, the lime-stabilized subbase was in-place material stabilized.  Therefore it would not be
surprising for the subgrade to have a mineralogy similar to that of the lime-stabilized subbase.
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D-2

TABLE D-2.  SUMMARY OF PCI/SCI DATA FOR ATLANTA INTERNATIONAL
AIRPORT

Number of Sample Units (S.U.) and Calculated Pavement Condition
Index (PCI) and Structural Condition Index (SCI)

Feature* 1983 1986

S.U. PCI SCI S.U. PCI SCI

1 3 88 100

2 2 80 100 2 67 100

3 3 76 100 3 70 100

4 3 84 100 3 73 100

5 3 82 100 3 73 100

12 2 83 100 2 74 100

13 4 85 100 4 76 100

16 6 77 100 6 67 100

17 3 81 89 3 69 100

20 1 80 100 1 55 100

* All of the features evaluated at ATL are 16 years old; they were constructed in 1979.

TABLE D-3.  SUMMARY OF RUNWAY PCI DATA,* ATLANTA INTERNATIONAL
AIRPORT

Feature Year of Construction 1990 PCI 1994 PCI

Runway 8L-26R 1984 91 93

Runway 8R-26L 1969 83 64

Runway 9L-27R 1974 95 80

Runway 9R-27L 1985 98 93

* Courtesy of Law Engineering, Inc., Atlanta, Ga.
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TABLE D-4.  SUMMARY OF RESULTS FROM NDT DATA ANALYSIS, ATLANTA
INTERNATIONAL AIRPORT

Feature Procedure*

PCC
Modulus

ksi

Cement-
Treated

Base
ksi

Soil-
Cement

Subgrade
ksi

Subgrade
ksi

Average
Error

%

C1C2C3C4 7,000 150 150 41 2.72

C12C34 4,434 38 1.8

C1C2C3C4 5,600 500 1,000 37 1.23

C12C34 3,676 40 0.9

C1C2C3C4 7,000 150 150 23 1.94

C12C3C4 4,302 1 101 0.9

C1C2C3C4 7,000 150 150 22 4.85

C12C3C4 5,688 1 40 0.9

C1C2C3C4 10,000 2,500 1,000 18 5.412

C12C3C4 7,000 150 14 0.7

C1C2C3C4 10,000 500 1,000 18 3.013

C12C34 6,405 18 0.5

C1C2C3C4 7,000 150 150 17 3.816

C12C3C4 5,223 1 23 0.8

C1C2C3C4 4,909 500 102 24 0.617

C1C2C34 4,909 500 27 0.6

C1C2C3C4 10,000 500 784 14 0.820

C12C34 5,366 15 0.9

* Procedure C1C2C3C4 calculated each layer individually.  Procedures noted with two
numbers following a “C” indicate that those two layers were combined and a composite
modulus was calculated.  The last modulus value reported in each row is in psi.
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TABLE D-6.  SUMMARY OF PCI/SCI DATA FOR DALLAS/FORT WORTH
INTERNATIONAL AIRPORT

Number of Sample Units (S.U.) and Calculated Pavement Condition
Index (PCI) and Structural Condition Index (SCI)

Feature* 1983 1986 1990 1995

S.U. PCI SCI S.U. PCI SCI S.U. PCI S.U. PCI SCI

1 4 88 100 4 87 100 8 90 8 85 100

2 2 92 98 2 80 98 3 90 4 88 100

3 7 96 100 7 91 100 12 77 15 85 100

4 2 97 100 2 88 100 3 98 2 86 99

5 4 90 96 4 84 96 8 89 8 84 100

6 2 89 100 2 82 100 3 73 3 87 100

7 4 73 64 4 46 64 5 78 8 57 98

8 2 73 60 2 37 60 3 84 --- --- ---

9 4 70 61 4 46 61 8 91 8 75 92

10 2 66 64 2 50 64 3 70 4 72 95

11 7 73 71 7 59 71 13 90 9 81 100

12 2 85 94 2 76 94 4 93 4 77 99

13 4 79 87 4 69 87 10 88 10 77 96

14 4 72 76 4 60 76 10 76 11 77 94

* All of the features evaluated at DFW were 21 years old; they were constructed in 1974.



D-6

TABLE D-7.  SUMMARY OF RESULTS FROM NDT DATA ANALYSIS, DALLAS/FORT
WORTH INTERNATIONAL AIRPORT

Feature Procedure*

PCC
Modulus

ksi

Cement-
Stabilized

Base
Modulus

ksi

Lime-
Stabilized
Subbase
Modulus

ksi

Subgrade
Modulus

ksi

Average
Error

%

A 7,000 150 150 40 11.71

B 7,000 23 0.8

A 7,000 150 1,000 50 12.32

B 6,152 36 1.1

A 7,000 150 150 36 8.43

B 5,754 24 0.6

A 7,000 150 150 33 9.84

B 7,000 18 1.1

A 7,000 150 150 35 11.25

B 7,000 20 2.2

A 7,000 150 150 47 7.96

B 5,307 34 0.9

A 7,000 150 150 50 6.47

B 4,874 40 2.0

A 7,000 150 150 40 4.19

B 3,727 34 1.4

A 7,000 150 150 28 2.910

B 3,486 25 2.1

A 7,000 150 150 30 4.611

B 4,307,987 24 1.5

A 7,000 150 150 27 4.012

B 4,132 22 1.4

A 7,000 150 150 30 4.613

B 4,449 23 1.2

A 7,000 150 150 31 5.014

B 4,667 24 1.3

* “A” procedure allowed each layer to be calculated individually.  “B” procedure combined the PCC
and cement-stabilized layer as one layer for calculation and lime-stabilized subbase and subgrade
as one layer.
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TABLE D-8.  SUMMARY OF EQUIVALENT MD-11 DEPARTURES, *
DALLAS/FORT WORTH INTERNATIONAL AIRPORT

Feature
Equivalent Annual MD-11 Departures,

Projected for 1991-2010
Cumulative Equivalent MD-11

Departures Through 1990

1 26,451 570,252

2 26,451 570,252

3 1,134 24,491

4 1,134 24,491

5 11,818 255,221

6 11,818 255,221

7 109,065 2,355,513

8 109,065 2,355,513

9 62,991 1,359,376

10 84,412 1,823,157

11 1,487 32,225

12 1,487 32,225

* Source for data, DFW Airport Development Department.
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TABLE D-10.  SUMMARY OF PCI/SCI DATA, JOHN F. KENNEDY
INTERNATIONAL AIRPORT

Number of Sample Units (S.U.) and Calculated Pavement Condition Index (PCI) and
Structural Condition Index (SCI)

Feature
Pavement

Age (years) 1983 1986 1993* 1995*

S.U. PCI SCI PCI SCI PCI PCI

1 17 11 92 95 --- --- 60 ---

2 22 25 50 65 --- --- --- 35

3 25 12 76 100 --- --- --- 70

4** 35 8 36 98 90 100 --- ---

  * Data provided by the Port Authority of New York and New Jersey.
** This feature was PCC in 1983; it was overlaid with AC in 1984 and 1991.

TABLE D-11.  SUMMARY OF RESULTS FROM NDT ANALYSIS, JOHN F. KENNEDY
INTERNATIONAL AIRPORT

Feature Procedure*

Surface
Modulus

ksi

Base
Modulus

ksi

Base
Modulus

ksi

Subgrade
Modulus

ksi

Average
Error

%

C1C2C3C4 3,123 150 150 28 5.91

C12C34 823 13 30 0.7

C1C2C3C4 707 148 149 26 0.72

C1C23C4 822 135 26 0.3

C1C2C3 762 102 21 1.73

C1C23 1,854 37 7.2

C1C2C3C4 4,310 150 13 14 1.14

C1C23C4 4,500 81 14 1.1

* Procedures C1C2C3C4 and C1C2C3 identify that moduli were calculated for each layer.
C12C3C4 indicates that the first two layers were combined and a composite modulus was
calculated for the first two layers.  C1C2C3C4 indicates that a composite modulus was
calculated for the second and third layer.
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TABLE D-12.  SUMMARY OF EQUIVALENT ANNUAL B-747-200B OPERATIONS,*
 JOHN F. KENNEDY INTERNATIONAL AIRPORT

Feature Years
Annual Arrival

Volume
Annual Departure

Volume

1 1975-1985 9,000 31,100

1985-1995 9,000 31,100

2 1965-1975 1,080 18,720

1975-1985 750 13,000

1985-1995 750 13,000

3 1970-1975 52,560 943

1975-1985 36,500 655

1985-1995 36,500 655

4** 1965-1975 0 0

1975-1985 0 0

1985-1995 0 0

* Source for Data, Port Authority of New York and New Jersey.

** This traffic estimate reported by the Port Authority is for the area of ramp P (which
experiences little traffic) as defined by the Port Authority.  Ramp P is an apron through
which this taxiway passes.  According to reference 20 the equivalent annual B-747
departures for this feature in the early 1980s was 10,582.
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TABLE D-14.  SUMMARY OF PCI/SCI DATA FOR PHOENIX SKY HARBOR
INTERNATIONAL AIRPORT

Number of Sample Units (S.U.) and Calculated Pavement Condition
 Index (PCI) and Structural Condition Index (SCI)

1983 1986 1995
Feature

Pavement
Age

(years) S.U. PCI SCI S.U. PCI SCI S.U. PCI SCI

1 15 16 29 61 8 75 80 Reconstructed as PCC
2 28 17 54 67 8 39 50 Reconstructed as PCC

3 14 19 65 84 8 35 67 17 97 100

4 26 13 94 96 5 38 64 Reconstructed as PCC

5 16 17 43 86 8 42 77 8 82 88

6 16 8 48 100 4 39 73 Reconstructed as PCC

7 17 9 70 84 5 49 74 7 100 100

8 27 19 40 45 10 26 36 7 70 80

TABLE D-15.  SUMMARY OF RESULTS FROM NDT DATA ANALYSIS, PHOENIX
SKY HARBOR INTERNATIONAL AIRPORT

Feature Procedure*

Asphalt Cement
Modulus

ksi
Base Modulus

ksi

Subgrade
Modulus

ksi
Average Error

%

A 423 182 36 4.83 (part 1,
Station 1-4) B 271 36 5.5

A 570 163 42 3.33 (part 2,
Station 5-14) B 292 41 4.7

A 1,641 224 36 0.95

B 540 36 4.0

A 669 9,000 40 14.37

B 1,418 51 4.2

A 1,697 224 37 1.58

B 436 37 2.9

* “A” procedure allowed each layer modulus to be calculated individually.  “B” procedure combined the AC and
base layer for calculation of a composite modulus.

TABLE D-16.  SUMMARY OF AIRCRAFT OPERATIONS,* PHOENIX SKY HARBOR
INTERNATIONAL AIRPORT

Aircraft Category December 1993 Operations December 1994 Operations

Air Carrier 31,845 34,426

General Aviation 7,362 6,668

Military 611 586

Calendar Total 479,493 490,015

* Data courtesy of the City of Phoenix Aviation Department.
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TABLE D-18.  SUMMARY OF PCI/SCI DATA FOR TAXIWAY Z, STAPLETON
INTERNATIONAL AIRPORT

Number of Sample Units (S.U.) and Calculated Pavement Condition Index (PCI) and
Structural Condition Index (SCI)

Year of
Construction

Number of Sample
Units Surveyed PCI SCI

1974 35 50 77

TABLE D-19.  SUMMARY OF RESULTS FROM NDT ANALYSIS, STAPLETON
INTERNATIONAL AIRPORT

Feature Procedure*

PCC
Modulus

ksi

Cement-
Treated

Base
ksi

Cement-
Treated

Sand
ksi

Subgrade
ksi

Average
Error

%

C1C2C3C4 4,486 500 100 29 1.01
(Station 0-30) C1C23C4 5,448 37,455 33 0.8

C1C2C3C4 5,624 150 4 50 0.82
(Station 30-58) C1C23C4 5,900 4,126 150 0.8

C1C2C3C4 3,691 2,500 100 16 1.73
(Station 58-101) C1C234 5,610 21 1.1

C1C2C3C4 5,610 500 159 15 0.54
(Station 101-118) C1C234 6,857 19 0.5

C1C2C3C4 2,805 500 100 12 1.95
(Station 119-130) C1C2C34 4,054 1 38

* Procedure C1C2C3C4 identifies that moduli were calculated for each layer.  C1C23C4
indicates that a single composite modulus was calculated for layers 2 and 3.  C1C234
indicates that a composite modulus was calculated for the last three layers of the pavement
system.  C1C2C34 indicates that a composite modulus was calculated for the last two layers
of the pavement system.
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